A 225-base-pair fragment of a recombination gene was identified by insertion-duplication mutagenesis and used as a radioactive probe to clone the corresponding rec locus from Streptococcus pneumoniae in Escherichia coli plasmid vectors. Attempts to clone large pieces of this locus were unsuccessful, but small pieces of DNA from this region were cloned in the E. coli transcriptional terminator vectors pKK232-8 and pJDC9. The extent of the rec region, 2.1 to 2.2 kilobases, was defined by determining the competence phenotype of insertion mutations constructed in vitro. A deletion of the rec locus showed it to be necessary for chromosomal integration but not for plasmid establishment. A plasmid carrying the entire locus encoded a 72-kilodalton polypeptide in a cell-free E. coli transcription-translation system.
A 225-base-pair fragment of a recombination gene was identified by insertion-duplication mutagenesis and used as a radioactive probe to clone the corresponding rec locus from Streptococcus pneumoniae in Escherichia coli plasmid vectors. Attempts to clone large pieces of this locus were unsuccessful, but small pieces of DNA from this region were cloned in the E. coli transcriptional terminator vectors pKK232-8 and pJDC9. The extent of the rec region, 2.1 to 2.2 kilobases, was defined by determining the competence phenotype of insertion mutations constructed in vitro. A deletion of the rec locus showed it to be necessary for chromosomal integration but not for plasmid establishment. A plasmid carrying the entire locus encoded a 72-kilodalton polypeptide in a cell-free E. coli transcription-translation system.
In Streptococcus pneumoniae (pneumococcus), genetic transformation occurs at a specialized physiological state, termed competence (32) . Competence is induced by a secreted protein which serves as a population density monitor (49, 50) . Competent pneumococcal cells bind doublestranded DNA efficiently, simultaneously nicking the bound strands (17, 33, 34) . One-half of the bound DNA, presumably one of the strands, is then degraded (16) ; the remainder is taken into the cell as single strands, which are found in a nuclease-resistant complex with the major competence-specific protein (28, 29, 36) . If this DNA is homologous to the chromosome, it is soon inserted in place of equivalent resident DNA strand segments (9, 12) ; if not, it is eventually degraded (18) . For the nonhomologous DNA of a streptococcal plasmid or phage, however, the strands are occasionally reassembled to form a complete, replicating molecule (40, 46) . Thus, plasmid establishment shares many features with transfection by phage DNA.
An initial step in genetic analysis of this DNA-processing pathway was the isolation of transformation-deficient mutants defective in the control of competence induction, DNA transport, or genetic recombination (35, 38) . Although the major pneumococcal competence-specific protein, eclipse complex protein (29) , may be involved in transport and protection of single-stranded DNA from nucleases, there is no evidence of its direct involvement in later recombination steps. In the similar transformation system of S. sanguis, a mutant (containing the cipA mutation) deficient in both chromosomal transformation and plasmid establishment was shown to lack a competence-specific 51,000-dalton polypeptide (43) . In contrast, an S. pneumoniae rec mutant, CP1208, behaves similarly to the Bacillus subtilis recE mutant (analogous to the recA mutant of E. coli) with respect to recombinational activity (35) : both recE mutants and CP1208 are defective in the transformation of chromosomal markers, but allow normal plasmid establishment. To investigate the mechanism of genetic transformation, we sought to clone the rec gene mutated in CP1208. In this report we describe recP, pJDC6 and pJDC9 (7; J.-D. Chen Cultures and media. Casein hydrolysate broth was used as a growth medium for pneumococcus strains (35) . For pneumococcus selection, erythromycin was added to growth medium to a concentration of 1 ,ug/ml. Growth of pneumococcal cultures and transformation were as described previously (35) . E. coli strains were grown in LB medium (22) supplemented, when required for selection, with 20 ,ug of chloramphenicol per ml or 1 mg of erythromycin per ml.
Frozen competent E. coli cells were prepared and used as described by Morrison (30) . DNA preparation. Pneumococcal DNA was prepared as described previously (24) . Preparative isolation of pneumococcal plasmid DNA was done by the method of Saunders and Guild (45) . E. coli plasmid DNA was prepared by the method of Marko et al. (23) . Small-scale plasmid preparations were made by alkaline sodium dodecyl sulfate lysis of E. coli cultures grown in the presence of the appropriate antibiotics, as described'by Birnboim and Doly (1).
Preparative DNA fractionation and hybridization. Restriction fragments were purified from agarose or polyacrylamide by electroelution (22) . After the band of interest had been localized by ethidium bromide staining and a slice containing the band had been cut out, the slice was electroeluted in a dialysis bag at 10 V/cm for 1 h in 0.089 M Tris-0.089 M borate-0.002 M EDTA (pH 8.0) buffer, followed by 2 min under reversed polarity to release the DNA from the wall of the dialysis bag. The purified DNA was dialyzed and precipitated with ethanol before use in cloning experiments.
Analytical electrophoresis was carried out in horizontal agarose or polyacrylamide gels in the same buffer. Previously described methods were used for restriction enzyme digestion and mapping (5) , for Southern blot hybridization (22) , and for in situ hybridization of bacterial colonies (11 In situ colony competence test. The transformability of mutant strains was determined, for each of several singlecolony isolates, by plating 300 to 1,000 cells with DNA in a competence-supporting agarose medium as described previously (16, 35) . Transformable (Xfo+) cells gave rise to colonies with large Mal' papillations, whereas Xfo-cells developed into tiny, translucent, nonpapillated colonies. The fraction of papillated colonies varied from 0% to 3% for leaky Xfo-lines and from 60% to 95% for Xfo+ lines in independent experiments.
Liquid culture competence test. The phenotype of mutant strains was determined by using procedures described previously (35) . Cells were grown to an optical density of 0.1 in complete transformation medium (pH 7.0) and stored frozen with 10%o glycerol. After thawing at 0°C, centrifugation, suspension in fresh complete transformation medium (pH 7.9) containing 0.1% competence factor, and incubation at 37°C with [3H]DNA from the Novr strain CP1016 for 50 min, cultures were assayed for DNA degradation, DNA uptake, and Novr transformants.
Plasmid-encoded proteins. Plasmid-encoded proteins were labeled with [35S]methionine in a cell-free coupled transcription-translation system derived from E. coli (Amersham Corp., Arlington Height, Ill.). Reaction products were analyzed on a sodium dodecyl sulfate-12% polyacrylamide gel (8) and then fluorographed (20 (Fig. 1) of the ends of the pneumococcal insert carried by the E. coli plasmid used for insertion-duplication mutagenesis. For each cloned fragment, the vector for the clone indicated at the right was pJDC9, whereas that for the one indicated at the left was pKK232-8. pXF301 was cloned in the terminator vector pJDC6. The locations and phenotypes of ermB insertion mutations created in vitro and characterized after transfer into the pneumococcal chromosome (Table 1 ) are indicated as follows: A, Rec--/\, Rec+. Also shown are the endpoints of fragments used for insertion duplication mutagenesis: 0, Rec--0, Rec+ (Table 2) ; three consecutive AluI fragments from pXF304 were mutagenic, but pXF305, containing an end just outside the AluI site (at bp 700), was not mutagenic. Restriction enzyme abbreviations: A, AluI; Av, AvaII; D, DraI; H, HindIII; P, PvuII; S, SspI; T, TaqI.
To walk further from the pXF301 site, chromosomal DNA from a mutant strain containing an ermB insertion at the terminal TaqI site (bp 1780) was digested completely with KpnI and partially with TaqI, forming a TaqI ladder starting from the KpnI site (bp 2270). Ligation with pJDC9 DNA, from which the ClaI-KpnI ermB fragment had been removed, and transformation of DH1 yielded Emr clones. All eight plasmids in the clones analyzed showed the same structure; one was named pXF303. pXF303 added 1.7 kb to the map and was stable (data not shown). Southern gel analysis of chromosomal DNA isolated from the wild-type pneumococcal strain, with pXF402 or pXF303 as radioactive probes, demonstrated the presence of fragments which migrated identically with the cloned material, indicating that no DNA rearrangements occurred during the cloning of those fragments in the E. coli transcription terminator vectors. The pneumococcal insert in pXF303 was subcloned into pJDC9 to form pXF304, pXF305, and pXF306 for local restriction mapping and for insertion-duplication mutagenesis. The inserts in pXF304, pXF305, and pXF306 were similarly transferred into pKK232-8 to form pXF404, pXF405, and pXF406, respectively, for restriction mapping.
Failure of cloning of larger fragments in the terminator vectors. Although the 1.2-kb HindIII fragment was cloned successfully in the terminator vectors, larger pieces surrounding the Hindlll region, i.e., DraI, KpnI, PstI, PvuII, and SspI fragments, were not clonable in the terminator vectors (Fig. 1) . Therefore, a whole rec gene was reconstructed by ligating a DraI (bp 630)-PstI (bp 1760) fragment isolated from pXF404 and a PstI (bp 1760)-HindIII (bp 3000) fragment isolated from pXF402 with the pJDC9 vector digested with SmaI-HindIll. The resulting plasmid, named pXF307 (9.4 kb), was rapidly rearranged during growth without erythromycin selection, losing all four HindIII sites in the insert and over half of the vector and reducing its size to 3.0 kb. When a large quantity of pXF307 was prepared under erythromycin selection in DH1, approximately half of the DNA was not rearranged; the remainder was found as the 3.0-kb form.
Physical map of the cloned region. The physical maps of the three overlapping DNA fragments obtained above were determined by comparison of single and multiple restriction enzyme digests of the plasmids pXF402, pXF404, and pXF303. We observed no rearrangements in the large region (3.0 kb) of overlap among these clones. The resulting map of the rec region is shown in Fig. 1 . The chromosome to the right of this region was mapped by Southern analysis with the pXF301 as a radioactive probe.
Extent of the rec locus. An insertion-duplication mutation is expected to disrupt a locus only if the targeting DNA is an internal fragment (26, 38) . To test whether this map encompassed a rec unit of transcription, we conducted insertionduplication mutagenesis with the HindIII fragments of pXF302 and pXF305, the PstI fragment of pXF304, and the large cloned DraI (bp 630)-HindIII (bp 3000) fragment in pXF307 (Table 2) . Since none caused a recombinationdeficient phenotype, we conclude that these fragments contain the left and right ends of the locus (Fig. 1) . To b Coordinates as shown in Fig. 1 . Restriction site used for ermB insertion; distance from the PstI site, in base pairs, as indicated by the scale in Fig. 1 ; insertion orientation indicating, if known, whether ermB transcription is to the right (>) or left (<) on the map in Fig. 1 We conclude that this locus is involved only in the last step of DNA processing during transformation, i.e., recombination, because recP insertion and deletion mutants were not defective in binding, degradation, or uptake of donor DNA or in competence induction.
Cloning of the recP locus involved problems similar to those reported for cloning of several other pneumococcal genes (5, 25, 41, 48) . Construction of pneumococcal libraries in E. coli revealed the instability of many recombinants. These problems were partly circumvented by using the E. coli transcriptional terminator vectors pKK232-8 and pJDC9 to construct a pneumococcal library. Most of the recombinants in the terminator vectors were stable (7) , suggesting that strong promoters were one of the major reasons for the instability of recombinants. Indeed, clones containing a part of the recP locus in pKK232-8 exhibited resistance to high levels of chloramphenicol (up to 200 ,ug/ml). A similar strong promoter phenomenon was also observed at the pneumococcal com (5) and mal (48) (55) . However, no error-prone repair is induced by DNA-damaging agents in S. pneumoniae (10, 47) .
The development of competence is accompanied by an abrupt shift in protein synthesis, in which a small number of novel proteins become the principal proteins made (32) , and by the appearance of a capacity to internalize large amounts of DNA for genetic recombination (15, 18) . Therefore, the competence-specific proteins are thought to have significant roles in transformation. Although at least 10 competencespecific proteins have been reported and some of them were partially characterized (37, 54) , only the eclipse complex protein (molecular weight, 19,500 [28, 29, 31, 36, 53] ) has so far been directly implicated in transformation: donor DNA converted to single strands upon entry (15, 18) is found in association with the eclipse complex protein, which affords protection against endogenous nucleases (36) . The molecular weights of reported competence-specific proteins were lower than 50,000 (32); further analysis is required to determine whether recP encodes a competence-specific protein.
